We carried out both absolute and relative gravity measurements in the Izu Peninsula just before and after the March 1997 earthquake swarm occurred. The measurements revealed significant absolute gravity changes, which we find to be made of three spatial components. The first one is located near Cape Kawana, and would be associated with the volcanic activity that caused the earthquake swarm. The second one would be associated with shallow and localized magma intrusion just beneath Ito. The third one may be due to a change in the deep region beneath the Kita-Izu fault system, which is considered to be a major tectonic line of this region. The gravity changes can be used to detect underground mass movement. For this purpose, we first use crustal movement observations to construct an elastic dislocation model with two tensile faults and a left lateral fault. Then we use the gravity changes to constrain the density of the material which filled the tensile faults. We find that the density is likely to be small, and that the gravity changes of the first component are reproduced well by the fault model. The smallness of the density implies that highly vesiculated magma or water would have injected into the faults.
Introduction
Earthquake swarms occur once or twice a year around the eastern coast of the Izu Peninsula ( Fig. 1 ) (e.g. Hori, 1989; Mogi, 1991) since 1978, when the Izu-Oshima-Kinkai-Oki earthquake (M7.0) broke out. They are often accompanied by crustal deformation around Ito ( Fig. 1(a) ).
The relation between earthquake swarms and monogenetic volcanos in this area has long been discussed because of the near similar location of the epicenters and the Higashi-Izu monogenetic volcano group. The connection was evidenced by the sequence of 1989 earthquake swarm and the TeishiKnoll submarine eruption (see the special issue of J. Phys. Earth, Vol. 39, No. 1 for details), which may be regarded as Higashi-Izu volcano group activity. Discussion on the relation between swarms and volcanism dates back to 1930, when an earthquake swarm occurred around eastern Izu. Imamura Laboratory and Seismological Laboratory (1930) , Ishimoto and Takahashi (1930) , and Nasu (1930 Nasu ( , 1935 suggested a magmatic origin of the swarm and the associated crustal uplift. Tsuya (1930) and Kuno (1954) discussed its relation to geological structure. Aramaki and Hamuro (1977) reported the connection between volcanism around Izu and 1975-1976 swarms. The relation between swarms and volcanism has often been discussed since earthquake swarms became frequent in 1978.
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An earthquake swarm started on March 3, 1997, and continued for about three weeks. The source area was off Shiofuki-zaki at the beginning of March 3, and then migrated to off Kawana-zaki at about 0800 LT March 3 (Fig. 1) . The activity declined with time and nearly ended in about a week (Earthquake Research Institute, 1997; Japan Meteorological Agency, 1997) . The total number of the earthquakes recorded at Kamata, Ito City, from 3 to 26 March was 9334 according to Japan Meteorological Agency (1997) . The number of the earthquakes larger than M5.0 was 4. They occurred during the early stage on March 3 and 4. The mechanisms of most of the earthquakes are strike-slip type with the P-axis in the NW-SE direction, which is in accord with the regional stress field (e.g. Tsukahara and Ikeda, 1987) . This stress pattern, the P-axis being in the NW-SE direction, is interpreted in terms of the collision of the Philippine Sea plate against the Japan Island (e.g. Ukawa, 1991; Koyama and Umino, 1991) or the bending of the slab (Nakamura et al., 1984) .
Many kinds of measurements of crustal movement have been carried out around Ito, including GPS, leveling (Geographical Survey Institute, 1997), and EDM (Tsuneishi, 1997) , in order to clarify the mechanism of earthquake swarms. During the March swarm, movements showed complex spatial variation, which we examine in Section 3.
Gravity measurements are complementary to these geometrical observations of crustal movement in that they can detect underground mass movement. For revealing magma or fluid motion which would cause earthquake swarms, our group has carried out gravity measurements once or twice a year since 1974, when the Izu-Hanto-Oki earthquake (M6.9) occurred. The results from 1974 to 1985 were summarized by Hagiwara et al. (1985) . They reported significant gravity changes due to large earthquakes. Okubo et al. (1991) detected gravity changes caused by the 1989 earthquake swarm and the associated submarine eruption of Teishi Knoll. They interpreted the changes in terms of an elastic deformation due to a tensile fault, a strike-slip fault and an inflation source. All these measurements before 1997 were performed with only LaCoste-Romberg gravimeters, which allowed them to detect only relative gravity changes. Absolute gravimetry is required to measure temporal gravity changes unequivocally. For this purpose, our group introduced an absolute gravimeter FG5 (#109) (Niebauer et al., 1995) in 1994 (Okubo et al., 1997) . We measured the absolute gravity in Ito in February 1997, only a month before the swarm in March. The measurement along with that in March 1997 enabled us to detect absolute gravity changes associated with the earthquake swarm activity. This is the first attempt to measure absolute gravity changes of seismic and volcanic origins. We present the results together with their interpretation in the following.
Gravity Measurements

Absolute gravity measurements
We installed the FG5 absolute gravimeter in the Ito City Hall to establish the reference point for our precise gravity network. A gravity decrease of 4 μgal was detected there after the earthquake swarm compared with the value of a month before. This value is used as the reference of gravity changes measured by a LaCoste-Romberg gravimeter. The results of the relative measurements are described in Subsection 2.2.
The results of the absolute gravity observations and their details are summarized in Table 1 . The absolute measurements are corrected for the instrumental height, the solid earth tide, the pole tide, and the atmospheric pressure. The gravity values are reduced to those at the height of 130 cm above the floor with a gravity gradient of −2.85 μgal/cm. The solid earth tide is corrected with the tidal gravity factor δ = 1.164, except for the permanent tide, for which δ = 1.0 is used. The barometric correction was made with a standard air pressure of 1007.3 hPa and an admittance of 0.3 μgal/hPa. The standard error of each absolute gravity value is about 0.3 μgal, the standard deviation of a single drop divided by the square root of the number of drops. The 1-2 μgal precision of the FG5 gravimeter was confirmed in advance by Okubo et al. (1997) by detecting gravity signals due to the ocean tide.
Relative gravity measurements
We used a LaCoste-Romberg gravimeter (G-581) to measure precise relative gravity changes around Ito. The measurements were carried out on February 6, 17-21, 1997, before the earthquake swarm and on March 8-14 after the swarm. Relative gravity is measured as the differences from the value at the Ito City Hall, so that the absolute values for all sites can be obtained by adding the differences to the absolute value measured with FG5 ( Table 2 ). The two-way method was taken to correct the instrumental drift and to ensure the precision. We estimated the observational errors as 5-10 μgal from the two-way repeatability as tabulated in Table 2 . We removed the systematic cyclic error (Becker et al., 1987) and the magnetic error (e.g. Torge, 1989 ) inherent in any LaCoste-Romberg gravimeter to attain the precision. The error at each point is estimated as follows. We define the two-way repeatability as a half of the maximum vaule of the deviations of the two-way differences from the linear drift in one set of two-way measurements. The error at each site is first estimated as the two-way repeatability defined above if it is larger than 5 μgal. The error is set to be 5 μgal if the twoway repeatability is less than 5 μgal. Then we apply network adjustment to the whole sets of two-way measurements to estimate internally consistent gravity values and their error covariances. The errors shown in Table 2 are derived from these covariances. Figure 2 shows the absolute gravity changes between February and March 1997. We find three areas where the gravity changes amount to more than about 10 μgal. (regions 1, 2, and 3 in Fig. 2(a) ). In the region 1 near Kawana-zaki, we observed gravity decreases up to 17 μgal. The decreases are explained well by elastic deformation due to strike-slip and tensile faulting. The elastic model is elaborated in the next section. The region 2 is located in the Ito City to the northwest of the first region. It is characterized by rather localized and complicated changes up to about 10 μgal. The changes would be caused by small dikes intruding into the very shallow part of the crust. It could otherwise be due to observational errors, because of the rather noisy environment near the observation sites BM-9336 and BM-9337. The region 3 is located in the mountainous area around the neck of the Izu Peninsula. It is characterized by large gravity decreases up to 30 μgal. The gravity changes would be related to the Kita-Izu fault system. The tectonic implication will be discussed in Section 4.
Fault Model
A quantitative approach to model gravity changes due to seismic activity is given by Okubo (1991 Okubo ( , 1992 . He derived analytical expressions for gravity changes caused by faulting and inflation sources. In his theory, gravity changes arise from three sources, namely, density changes due to elastic deformation, surface uplift or subsidence, and the addition of mass. To reveal mass movement, we should first find fault parameters to calculate the other two sources. Then we subtract their contributions from observed gravity changes to find masses of added materials.
Determination of fault parameters
First, we apply Okada (1985) 's elastic dislocation theory to the ground displacements around Ito associated with the March 1997 activity to determine the fault geometry. Similar methods were used by Okada and Yamamoto (1991a,b) , Tada and Hashimoto (1991) , and Okubo et al. (1991) to simulate the crustal displacements associated with the 1989 activity. We use GPS observations, leveling, and EDM data (Geographical Survey Institute, 1997; Tsuneishi, 1997) for the modeling.
The positions of about 10 points near Ito have been continuously monitored by the nationwide GSI's GPS network (Fig. 3) . The measurements pose strong constraints on horizontal movement. Figure 3 shows horizontal displacements associated with the earthquake swarm. The stations to the south of the swarm epicenters moved to the SW direction and those to the north moved to the SE and NE directions. In particular, the Komuro-yama station, which is the nearest to the epicenters, moved to the SW direction by as much as 10 cm.
The leveling survey was carried out in October-November 1996, after the October 1996 earthquake swarm, and in March 1997, after the March 1997 activity (Fig. 4) . Prominent uplifts up to 3 cm were found near the center of the Ito City. The EDM network has been surveyed every day at several sites around Ito since 1989 (Tsuneishi, 1991 (Tsuneishi, , 1997 . During the March swarm, it revealed a fine structure of the crustal movement (Fig. 5) . We use the data described above to model the ground deformation caused by three faults buried in an elastic half-space. The geometrical fault parameters (Table 3) are determined in two steps. First we use the GPS and leveling data to model large scale (∼10 km) ground deformation, which we attribute to a strike-slip fault and a tensile fault. Second we use the EDM data to model small scale (∼1 km) ground deformation near the Ito City, which we ascribe to another tensile fault.
In the first step, we model the large-scale ground deformation with two faults. We put the first strike-slip fault near the center of the region of swarm epicenters because most of the earthquakes have strike-slip type mechanisms. We further put the second tensile fault near the swarm region. The fault is required to explain large horizontal movements away from the swarm region, which are evident at the Komuro-yama GPS station, for example. To obtain the fault parameters, we minimize the variance given by
where (u x , u y , u z ) are the displacements in the east, north, vertical direction, respectively, and σ is their measurement errors. The errors σ GPS and σ leveling are set to 6 mm and 5 mm, respectively. The superscripts "obs" and "calc" signify the observed and calculated values, respectively. The Poisson ratio of 1/4 is used throughout the calculation. We search the optimum fault parameters by calculating the variance for all the grid points in the range shown in Table 3 so that the global minimum should be attained. The optimum parameters will serve as an initial guess in the following step.
In the second step, we put a small tensile fault near the western edge of the tensile fault introduced in the first step. The fault is required to explain the EDM results. We minimize the variance given by
where l is the distance change between the EDM sites. We assign 1 cm to σ EDM . The parameters of the first two faults are also slightly adjusted in this step. Table 3 shows the optimum fault parameters. Notice that the optimum dip angles are 90
• (vertical) for all the faults. The verticality signifies that the prevalent differential stress is horizontal in this area.
Figures 3-5 show the calculated ground displacements together with the locations of the faults. The observations are reproduced well by the fault model.
We present in Fig. 6 the variance V 2 as a function of important fault parameters. The variance shows a steep minimum as a function of the parameters. This signifies that the fault geometry and displacements are tightly constrained. The minimum value of the variance is 22.4, which we expect to be 20 for the χ 2 distribution. The two values agree within the expected standard deviation of 2 × 20 = 40. The expected variance 20 equals the degree of freedom. It is given by the number of the data 44 (18 leveling data, 4 EDM data, and 11×2 GPS data) minus the number of the fault parameters 24 (8 parameters for each of the three faults).
Determination of the density of fault-filling matter
Next, we use the gravity data and the fault parameters obtained above to estimate the density of the material which would have filled the tensile faults. We minimize the variance given by
where g is the gravity change. The gravity measurement error σ gravity is set to 7 μgal. We did not use the data denoted by asterisks in Table 2 because it is evident that they are not associated with the movement of the faults. The value of 2.67 g/cm 3 is used for the density of the surrounding medium in the calculation. Figure 7 shows the change of the variance V 3 as a function of the densities which would have filled the two tensile faults. For the larger fault, the density is likely to be below 1.5 g/cm 3 . For the smaller fault, the density cannot be constrained. The smallness of the density in the larger fault implies that it would have contained large amount of gas or water. The minimum value of the variance is 10.8, while its expected value is 20, which is given by the number of the data 22 minus the number of the density parameters 2. The calculated variance is about half the expected one, but the difference is within the expected standard deviation of 40. The smallness of the calculated value may signify that the estimated error of 7 μgal is an overestimate. Previous analyses of gravity changes related to fissure eruptions also revealed the intrusion of low-density matters. Okubo and Watanabe (1989) analyzed the gravity changes associated with the 1986 fissure eruption of the 1986 IzuOshima Volcano to find that the material which filled the Variance against the density of the material which filled the tensile fault 2. It shows that the density cannot be constrained.
fissure zone had a density of 0.8 ± 0.5 g/cm 3 . Okubo et al. (1991) showed that the matter which filled the tensile crack related to the 1989 Teishi-Knoll Eruption had almost zero density. Thus the intrusion of gas or water into fissures would be a common phenomenon in volcanic activities. Figure 8 shows the contour map of calculated gravity change with the densities of the intruding material set to zero. It displays that the gravity changes in the region 1 results only from the motion of the faults obtained from GPS, leveling, and EDM data. The gravity changes in the region 2 and 3 require other explanations.
Discussion
We shall discuss the characteristics of the crustal movements and gravity changes associated with the March earthquake swarm in relation to the tectonic environment. Our discussion on the tectonics is based on the tectonic model of Koyama and Umino (1991) and Koyama (1993) . The crustal displacements around Ito are explained well by the three-fault model: a strike-slip fault and two tensile faults. The principal part is due to the larger tensile fault that extends to the NW-SE direction. This type of fault is often invoked to explain the crustal movement of this area associated with earthquake swarms (Okada and Yamamoto, 1991a,b; Okubo et al., 1991; Tada and Hashimoto, 1991) , and would be related to volcanic activities. It is also consistent with the NW-SE vent alignments of the Higashi-Izu monogenetic volcanos (Aramaki and Hamuro, 1977; Koyama and Umino, 1991; Koyama et al., 1995) . This alignment of the fissures is interpreted as a result of NW-SE compressive and NE-SW tensile stress field of this region. The stress field itself can be understood as the result of the collision of the Philippine Sea plate with the Japan Island and the release of stress by the West-Sagami-Bay Fracture (Koyama and Umino, 1991) .
In Section 2, we have identified three regions where gravities changed significantly. We shall discuss the characteristics of each region in the following.
The three-fault model explains the gravity changes in the region 1 very well, and reveals that the density of the material that filled the larger tensile fault is very small. The smallness implies that it contained large amount of exsolved gas or water. Such a low density is consistent with the shallowness of the fault, because most of the water would exsolve from the magma at depths shallower than 1 km (e.g. Woods, 1995) . The strength of the uppermost crust, in this case, prevented the highly vesiculated magma from erupting.
The complex pattern of the gravity changes in the region 2 may indicate the intrusion of magma or fluid to the shallow part beneath Ito. The shallow intrusion is also suggested by the existence of the smaller tensile fault in our three-fault model. The fault is very shallow and extends to the land region.
On the other hand, the gravity decrease in the region 3 remains puzzling. Lack of other observations in this area prohibits detailed modeling. Similar decreases were observed in 1994 and 1995. They can be associated with the earthquake swarms of March 1994 and October 1995, respectively. Hence, the gravity decrease in the mountain area of the Izu Peninsula would commonly accompany earthquake swarms near Ito. An explanation for the gravity decrease may be constructed based on the block rotation model of Koyama and Umino (1991) . They proposed that the northeastern region of the Izu Peninsula is composed of slivers which are rotated counterclockwise due to the left-lateral shearing motion. They assigned the western boundary of the slivers to the Kita-Izu Fault system, which extends to the center of the gravity decrease (Fig. 1) . As the slivers move, a large deformation in the deeper parts of the Kita-Izu Fault system is expected. This may have given rise to the observed gravity decrease.
